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Abstract 
In this paper a holistic view on design and development of manufacturing systems is discussed. The discussion is divided into the 
viewpoints of manufacturing capabilities and capacity. Both viewpoints are based on customer demands and expectations affecting 
the business decisions related to manufacturing activities, and create separate but closely related processes that aim towards 
efficiently and effectively used manufacturing resources. These issues are discussed from theoretical aspects and in the context of 
an academic research environment. 
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1. Introduction 
This paper proposes a process that aims to integrate 
the design and development of manufacturing systems. It 
also considers the influence deriving from product 
development and business strategies that affect the 
design and development activities of manufacturing 
systems. The expected benefit is the reduction of sub 
optimal solutions when the design and development 
activities are considered as an integrated process from 
the early stages of ideas towards efficiently operated 
manufacturing systems. The process is discussed from 
two individual, but closely related aspects; (1) 
manufacturing capabilities verifying that there are 
efficient manufacturing methods for all product 
requirements, and (2) manufacturing capacity, ensuring 
that customer orders can be efficiently delivered at right 
times.  
These aspects are viewed in a context of a previously 
developed framework for Extended Digital 
Manufacturing Systems (EDMS) [1]. Several aspects of 
the process are also demonstrated in an academic 
research environment consisting of several real machine 
tools and devices as well as their related simulation 
models and a modular ICT-architecture. Examples of 
solution principles, using tools of digital manufacturing, 
are discussed in the context of the research environment. 
2. Previous work 
The structure of a manufacturing system consists of 
entities with different roles as well as their related 
domains and activities. Figure 1 shows a general 
presentation of the manufacturing entities of products, 
orders, and resources as well as their connecting 
domains of process, production, and business.  
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Fig. 1. Manufacturing system domains and entities 
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The structure is based on the principles behind the 
term ‘holon’ and the Holonic Manufacturing Systems 
(HMS) reference architecture Product-Resource-Order-
Staff Architecture (PROSA). The term ‘holon’ comes 
from the Greek word ‘holos’, which is a whole and the 
suffix ’–on’, meaning a part. Therefore, it means 
something that is at the same time a whole and a part of 
some greater whole [2]. In HMS, holons are autonomous 
and co-operative building blocks of a manufacturing 
system, consisting of information processing part and 
often a physical processing part [3]. The PROSA 
explains the relations between the entities with the 
information and knowledge they exchange [4], [5] while 
in this approach the relations are explained with 
activities occurring between the entities [6], [7]. Brief 
descriptions of the entities and domains are: 
x Products represent the portfolio of a company i.e. 
what the company is offering to its current and 
potential customers.  
x Resources embody what is available to manufacture 
the products.  
x Orders correspond to instances of products that are 
ordered by customers.  
x The process domain represents the capabilities that 
are needed to manufacture the products.  
x The production domain defines the capacity and 
scalability to manufacture changing volumes and 
variations in customer orders.  
x The business domain is responsible for markets, i.e. 
for the right products being available for the 
customers to gain enough orders. 
3. Process from customers to resources 
The overall process, derived from the entities and 
domains of the EDMS framework, consists of six 
distinguishable, but closely related sub-processes that all 
can be seen influencing from customer demands and 
expectations. The different parts of the process are 
briefly explained as follows: 
(a) From business domain to product entity i.e. what 
solution alternatives produce a product structure that 
fulfils the requirements of the functions what the 
product should be able to perform. 
(b) From product entities to process domain to find what 
kind of manufacturing capabilities are required to 
manufacture the product features. 
(c) From process domain to resource entities i.e. 
selecting feasible manufacturing resources that are 
able to perform needed processes. 
(d) From business domain to order entities i.e. the 
marketing and sales activities of the products that are 
offered to potential customers. 
(e) From order entities to production domain i.e. what 
and how much different capabilities are needed to 
achieve the required capacity to manufacture the 
customer orders. 
(f) From production domain to resource entities 
explaining what kind of mix of resources are needed 
to have the right amount of capabilities that together 
define the capacity of a manufacturing system. 
The whole process presented, consisting of two 
different views, lead from the customer demands 
towards the manufacturing resources. The left side (a-c) 
concerns of how the requirement of being able to 
manufacture all the products in the product portfolio can 
be fulfilled. The focus is on designing new and 
developing existing systems.  
On the right side (d-f), it should be able to assume 
that all the products can be manufactured and the interest 
is the ability to manufacture all products that the 
customers have ordered. In this case, the focus is mostly 
related to production planning and scheduling activities 
to ensure efficient operation, or to bring worth 
development requirements if the manufacturing capacity 
is not sufficient enough. The main differences between 
the two sides are that in the left side new issues can 
arise, and usually do, that have no solutions yet while on 
the right side all issues should have a solution. For 
example, in new product development, capabilities that 
do not exist yet may be required but this should not be 
possible when a customer places an order. 
3.1. Requirements and capabilities 
The process on the left side concerns the capabilities 
of a company to realize the customer demands and needs 
i.e. that all the products in a portfolio of a company can 
be actually manufactured. From a production system 
point of view it mainly concerns production system 
design and development depending on the situation. The 
sub processes have three process steps that can be named 
as requirements, solution principles, and solutions 
alternatives.  
Hubka and Eder [8], in their theory of technical 
systems (TTS), explain a technical system as a 
transformational system of four abstraction levels; a 
black box as well as function, organ, and component 
structures. A black box is usually defined with input, 
transformation, and output without the knowledge of 
how the output is achieved. The function structure 
describes the operations that a technical system should 
be performing while the organ structure explains the 
connections between the function carriers. The 
component structure explains the actual hardware.  
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3.1.1. Product structure 
Andreasen [9] presents that these abstraction levels of 
a technical system primarily correspond to the 
viewpoints of the participants of the production process: 
the customer as a black box, sales as a function structure, 
product designers as an organ structure, and 
manufacturers as a component structure. These levels of 
abstraction can be recognized in the sub process (a). The 
black box represents customer needs and requirements 
i.e. that a customer is mainly concerned to have a 
product, which can perform tasks that fulfil the needs of 
a customer.  
The sales viewpoint corresponds to the business 
domain where the customer needs are required to be 
described with the functions of a product that are used to 
realize the customer needs. The product designer’s point 
of view is to connect the functions structure to the 
component structure of a product i.e. the organ structure 
includes the solution principles to achieve a component 
structure. The viewpoint of the manufacturer is the 
component structure of a product, including e.g. product 
specifications and drawings explaining the product 
entities that are required to be manufactured. 
3.1.2. Production processes 
Axiomatic Design (AD) theory has been developed to 
aid in decision making by introducing four domains in 
the design world; customer domain, functional domain, 
physical domain and process domain [10]. According to 
Lehtonen [11], AD does not provide an improvement to 
the TTS, as it lacks the view on the proceeding of the 
design process, and the solution principle (organ 
domain) is not accepted as a separate domain. However, 
AD adds the domain of processes, which can be seen as 
an integrating domain between product development and 
manufacturing activities.  
By applying the abstraction levels described in the 
sub process (a) again in the sub process (b), the required 
manufacturing capabilities can be recognized. In this sub 
process, the function structure is defined by product 
specifications and drawings and can be seen as what 
kind of product features are required to be manufactured. 
The organ structure presents the solution principles of 
matching the product features with feasible 
manufacturing methods that result in the component 
structure, which represents the process domain of the 
EDMS, the pool of methods, described as manufacturing 
capabilities that can fulfil the requirements of the 
product features. 
3.1.3. Production resources 
The sub process (c) utilizes the abstraction levels the 
third time. In this case, the functions are the methods, for 
which solutions are needed to be achieved. The organ 
structure presents the solution principles to find feasible 
manufacturing resources with what the needed processes 
can be fulfilled. The result of this sub process is the 
component structure of the required manufacturing 
resource entities. By applying these three sub processes, 
a process from customer needs and demands towards 
how they can be realized to products and services for a 
customer, can be formed. The main sub goals are to 
define the desired product structure, how the structure 
can be manufactured, and what manufacturing resources 
are required. 
3.2. Requirements and capacity 
The presented sub processes, related to the 
capabilities, only ensure that every product that is 
offered can be manufactured. They do not take into 
consideration the changing volume and variation of 
orders that customers are actually ordering. They neither 
consider the type of sales-delivery process that is the 
most suitable for serving the customers. These types can 
be classified, for example as engineering-to-order 
(ETO), make-to-order (MTO), assemble-to-order 
(ATO), and make-to-stock (MTS) [12].  
Therefore, the focus of the sub processes (d), (e), and 
(f) are to realize right products on right time. This means 
that the company has enough capacity to deliver ordered 
products at the right time and scalability to cope with the 
fluctuation of the changing volume of customer orders. 
It focuses on development and operation activities of the 
whole system, which is formed from the individual 
resources, their individual capabilities, and their co-
operation. 
3.2.1. Customer orders 
As the sub process (a) addressed the customer needs 
and requirements to find acceptable solutions, the sub 
process (d) addresses how they are transformed into 
actual customer orders i.e. how the marketing and sales 
activities are conducted. Webster [13] explains 
marketing as the management function responsible for 
making sure that every aspect of the business is focused 
on delivering superior value to customers in the 
competitive marketplace. These combined are dealt in 
the business domain. The customer orders include 
efficient sales as well as different responsibilities 
depending on company’s strategies and type of products 
it is offering.  
3.2.2. Production capacity and scalability 
The sub process (e) addresses the changing volume 
and variation of customer orders. Variation, i.e. how 
much there is products of different kind in the customer 
orders, defines what capabilities are required. Volume 
describes the amount of each different product and 
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therefore defines how much of the required capabilities 
are required. The main activities include the creation of 
solutions alternatives for the scheduling of the customer 
orders and to have predefined plans to cope with the 
changing mix or customer orders. 
3.2.3. Production resources 
In the sub process (e) the requirements for the whole 
manufacturing system are defined. The sub process (f) 
addresses the manufacturing resources that are required 
to have the needed capacity. This includes, for example: 
x Defining right type and amount of different resources 
required, including manufacturing as well as 
resources for storing and transferring the products. 
x Planning of what resources are used for what 
products. Especially in cases, where several different 
resources have the needed capabilities with their 
individual characteristics. 
x Designing as well as creating or configuring the 
physical layout of the system. 
x Controlling the flow of material e.g. rules for 
selecting the most feasible resources based on the 
state of the whole system. 
3.3. Other sources of change 
The described processes, from a holistic point of 
view, present the changes starting only from the business 
domain, sourcing from customer demands and 
expectations. The changes can also impact to any of the 
manufacturing entities or domains directly, which are 
briefly discussed in the following: 
x Products – Improvements in products that do not 
derive directly from customer demands but instead 
aim to offer customers more attractive products. 
x Processes – Manufacturing process improvement may 
offer new possibilities for product development as 
well as affect the planning and scheduling of 
manufacturing activities. 
x Resources – New or reconfigured resources can add 
to both capabilities and capacity of a system. 
Similarly, removing a resource from a system may 
also remove a capability that is required. 
x Production – Improvements on a factory floor e.g. 
changed layout or control principles can require 
changes on how and for what the manufacturing 
resources are utilized. 
x Orders – Changes of customer behaviour resulting in 
changed volume and variation of orders can affect the 
factory floor and to consider the strategies of the 
business domain. 
The above are examples of different sources of 
change. They point out that the cause-effect of any 
change should be considered in all entities and domains 
to fully understand the new situation as well as to enable 
the efficient use of the potential of a system. 
3.4. Typical constraints in the process 
The above discussion does not discuss any boundaries 
or limitations that typically exist in industry. The 
solutions may be too expensive or require too much time 
that limit the possible solutions or even make the 
proposed solution practically impossible. Every real life 
case has limitations of different kind from ideal situation 
where all solutions can be implemented into a situation 
where all solutions are required to be achieved within 
the existing capabilities of a system. 
This requires that the sub processes need to have a 
possibility to refine or even reject any solution 
alternative. Each of the sub-processes should have 
iterative and recursive characteristics where the 
proposed solution can be evaluated. The feedback can 
also travel between the sub processes e.g. if a solution of 
sub process (c) is not what was expected, it can be send 
back to the start of sub process (a). The results of the 
sub-processes on both capabilities and capacity have 
also close correspondences. For example, the result of 
the sub process (a) should be in that the result for the sub 
process (d) can be good enough i.e. that the products that 
are offered to customers result in enough customer order 
to compete in the markets. 
4. Academic research environment 
The issues discussed in this paper are investigated in 
several ongoing scientific research projects within the 
Department of Production Engineering in Tampere 
University of Technology. Common for the research 
projects is an academic research environment where 
different research topics can be investigated and tested 
when applicable. The aim of the environment is to offer 
a research platform that can be utilised in: 
x Designing, developing and testing current and future 
research topics. 
x Prototyping possible solutions for industrial partners 
in ongoing research projects. 
x Utilizing it as an educational environment for 
university students and company. 
The current implementation of the research 
environment does not consider the phases (a) and (d) 
from the business domain to either product or order 
entities.  
4.1. Description of the research environment 
The academic research environment consists of 
several manufacturing resources and work pieces as 
physical manufacturing entities. Each of the entities has 
their corresponding computer models and simulation 
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environments as their virtual parts. The information and 
knowledge of the environment is stored in local 
databases and in a common knowledge base.  
The resources offer manufacturing capabilities of 
drilling, milling, turning and punching as well as 
material handling capabilities. The work pieces are fairly 
simple cubical, cylindrical, and flat parts in shape. They 
have several features with parameters that can be altered. 
Examples of the parameters, that can be varied, are part 
dimensions (width, length, and depth), number of holes, 
internal corner radiuses, sheet thickness as well as 
material and tolerance requirements of the finished 
products. Changing the parameters means that even if 
the number of different types of work pieces is quite 
small the actual variation of final products that can be 
manufactured is far greater.  
The parameters of the work pieces were selected to 
demonstrate the possibility to select from different 
resources having the needed capabilities to fulfil the 
needed product requirements. The selection of the most 
suitable capability and its corresponding resource can be 
done in terms of capability and availability of a resource 
during the time moment or a longer period of time in 
correspondence between the goals and objectives. The 
objectives can be such as the fastest, greenest, or 
cheapest service provider. Partially, the capabilities of 
the different resources are the same or similar which 
makes it possible to demonstrate the selection of the 
most feasible service provider. 
4.2. Manufacturing processes 
The manufacturing processes correspond to the sub 
processes (b) and (c). The current activities of the 
research environment assume that the product structure 
is fixed and it is taken as is i.e. the sub process a) is not 
included. Figure 2 presents the sub processes (b) and (c), 
first of the two viewpoints of the research issues of the 
environment.  
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Fig. 2. Matching product features and manufacturing capabilities 
When a new product is to be manufactured, it is 
compared with existing capabilities that have been 
formed from previously manufactured products. If all 
features of the product have corresponding 
manufacturing methods i.e. all the needed capabilities 
exist, there is no need to verify if the new product can be 
manufactured. This situation corresponds to digital test 
manufacturing, which can be seen as comparing 
formally presented manufacturing to product features. 
In a case where capabilities are seen applicable, but 
cannot be directly assigned to a new product, the 
environment offers possibilities to test the 
manufacturability of the product. Situations of this kind 
can be created into the environment by changing the 
parameters of the work pieces. When a parameter of a 
work piece reaches a certain limit, it may rule out some 
capability and therefore render some resource 
impracticable to be utilized while some other resource 
will still have the needed capability. The 
manufacturability of the new work piece can be tested 
virtually using simulation models, and with real 
manufacturing resources. The decision has to be made 
whether the virtual test manufacturing is enough and the 
results can be trusted. By learning more of the behaviour 
of a system, more testing can be done only in a virtual 
system saving time and reducing the need to use the 
capacity of the real manufacturing resources. 
The results of the test manufacturing tasks are 
updated processes into the process domain with a new 
process plan, which includes the needed capabilities of a 
product. This means that with each new sub process (c), 
where the result is accepted, the process domain is 
updated including the new capability. Because the real 
work pieces are for demonstration use only, 
manufacturing physical outputs are kept bare minimum 
to avoid the unnecessary use of raw material that has no 
planned use other than the demonstration purposes. 
Therefore most of the test manufacturing activities of the 
research environment will be conducted using the tools 
of virtual manufacturing. 
4.3. Manufacturing flow 
The manufacturing flow, presenting the sub processes 
(e) and (f), aims to define how much capabilities are 
required to produce the changing volume and variation 
of customer orders at the right time. Again, the sub 
process from the business domain i.e. the sub process 
(d), is not considered in the current version of the 
research environment. The orders into the research 
environment are created to test scenarios of different 
kind that are seen valuable for any research topic. 
The second viewpoint of the research environment 
deals with the sub processes (e) and (f), see Figure 3. If 
it is known that there is enough capacity, nothing else 
has to be done. Modelling and simulation can be used to 
verify that there is enough capacity. It can also be used 
in capacity reconfiguration and implementation issues. 
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Modelling and simulation of capacity has the same 
constraints as in the case of capabilities 
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Fig. 3. Matching customer orders to manufacturing capacity 
The capacity for existing volume and variation still 
has to exist when new products are considered as an 
addition to existing products. In the capacity loop, the 
solution can be accepted or rejected, as in the capability 
loop. If the solution is rejected, it can be sent back to the 
capability loop or further back into the design 
requirements loop. In the system in operation, the parts 
(b) and (c) are combined as the processes are linked to 
corresponding resources via capabilities that are 
presented as services. The simulation in this domain 
follows the same idea as the production process 
modelling. The new capability can add to the total 
capabilities of the network if something new is 
implemented, or change the existing capabilities if 
something already existing is reconfigured. It is not 
enough that all the needed capabilities exist. The 
production flow simulation aims to define how much 
capabilities are required to produce the changing volume 
and variation of customer orders at the right time. 
Typical areas are the controlling, planning and 
scheduling of the production activities. 
5. Conclusions and future work 
This paper presented two different processes starting 
from a business perspective, based on customer needs 
and requirements, towards efficiently used 
manufacturing resources. The main difference of the 
processes was their focus; capability and capacity 
requirements. Even when the processes are independent 
and have different focuses, they are closely related and 
should not be treated separately. This, at its best, can 
reduce the typically isolated design and development 
activities towards a more seamless process from ideas to 
efficiently operated manufacturing systems. Several 
aspects of the sub processes were discussed describing 
demonstration activities that have been conducted in the 
academic research environment. In the context of the 
research environment, different simulation tools and 
principles as well as modular ICT-architecture were 
explained to present how the proposed process from 
customers towards efficient operation can be achieved.  
The issues discussed in this paper will be investigated 
in more detail in a forthcoming research project that 
aims at accelerated time to profit for highly customised 
products. The planned tasks include, for example: 
x Quick response research and development involving 
the supplier network co-operation already from the 
early conceptual stages of development. 
x Description and management of the capabilities of the 
supplier network. 
x Rapid production ramp-up and serial production 
readiness. 
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